Precipitate coarsening and self organization in erbium-doped silica M The influence of heat treatment at and above 1100°C on thin erbium-rich silica layers embedded in silica has been studied experimentally by secondary ion-mass spectrometry and cross-sectional transmission electron microscopy. Redistribution of erbium atoms is observed at these temperatures, and formation of erbium-rich precipitates is seen to occur if the erbium concentration exceeds ϳ0.01 at. %. These precipitates are observed to coarsen and subsequently dissolve with increasing annealing time. Moreover, self organization of precipitates has been observed in the form of layering of the precipitate ensemble. ͓S0163-1829͑99͒02518-7͔
Erbium-doped silica glass is of great interest for use as amplifiers in optical telecommunications 1 due to the Er 3ϩ -emission around 1550 nm, a standard telecommunication wavelength. Of particular interest is the erbium-doped planar waveguide, 2 since in the planar technology it is possible to integrate erbium-doped components with other devices on the same chip, and to allow for mass production and smaller component sizes.
However, a problem arises due to the higher erbium concentration needed when component sizes are reduced 1 . The solubility of erbium in silica is small and erbium-rich precipitates form at elevated temperatures. These precipitates drastically deteriorate the device efficiency due to an energytransfer upconversion process, which is caused by a dipoledipole interaction and hence becomes efficient when the average interion distance is small as it is within precipitates. When two neighboring ions are in the metastable state, one of them may transfer its excitation energy to the other, thus promoting the acceptor to a higher energy level. However, the acceptor quickly relaxes to the metastable state via phonon coupling. This process adds a nonradiative relaxation path from the metastable state to the ground state, thereby causing a decreased quantum efficiency.
Due to this highly undesirable effect, erbium precipitates in erbium-doped waveguides have been investigated experimentally by several groups. In particular the optical effects of precipitates have been studied in detail. In optical fibres, the fraction of erbium ions located in precipitates has been deduced from transmission, 3, 4 fluorescence, 5 and laser-output measurements. 6 In Refs. 7 and 8, erbium ions have been implanted into a variety of materials ͑oxide glasses, ceramic films, and silicon͒, and the implanted regions were studied by Rutherford backscattering spectrometry ͑RBS͒ and transmission electron microscopy ͑TEM͒. In Refs. 7-10, TEM micrographs show that precipitates form in silica after hightemperature annealing if the erbium concentration is sufficiently large ͑in the order of 0.1 at. %͒.
However, up to now there have been no reports of studies of precipitate growth or self organization in erbium-doped silica, to our knowledge. In Ref. 11 diffusion of ionimplanted neodymium at 1100°C in silica was studied by RBS. The authors explained a lower diffusivity in the high concentration regions by the formation of precipitates. Moreover, these studies revealed an unexplained ''curious'' effect: Implantation peaks seem to have divided into two peaks during some of the heat treatments. Although less distinct, this is similar to observations shown in the present work and may be caused by the same mechanisms as those discussed below.
In this paper, we present a detailed study of precipitate coarsening in erbium-doped silica and, to our knowledge, the first confirmation of self organization via ripening of erbium in silica.
Layers of silica and erbium-doped silica were deposited on silicon wafers by a plasma-enhanced chemical vapor deposition technique. 12 Halfway during the deposition of a (ϳ1.6 m) layer of pure silica, the erbium source was activated for a short time period thereby creating a thin (ϳ25 nm) erbium-doped layer. The substrate temperature was held at 300°C.
Two different compositions of the erbium-doped regions were produced, and measured by RBS to be 0.1 at. % and 0.4 at. % erbium. Fractions of each wafer have been annealed at 1100, 1140, and 1185°C in a controlled atmosphere for different periods of time. A nitrogen atmosphere was used except for a few test samples, which were annealed in oxygen. No dependence of ambients on the erbium mobility was detected.
The broadening of the erbium-doped layer was investigated by secondary ion mass spectrometry ͑SIMS͒. Here, an oxygen ion beam was scanned over a 300ϫ600 m area in an angle of 60°to the surface plane. Calibration between sputtering time and depth was done by measuring the crater depth with a profilometer. Cross-section samples for TEM were prepared by mechanical thinning followed by ion milling, and TEM investigations were done in a Philips CM20 microscope operating at 200 keV.
SIMS profiles of the dopant layer showed that erbium diffuses in the silica at temperatures at and above 1100°C. In Fig. 1 profile tails are plotted so as to produce a straight line in the case of a Gaussian distribution (log e N Er ϰX 2 ). Both the tail of the profile facing the surface ͑outer part͒ and PHYSICAL REVIEW B 1 JUNE 1999-I VOLUME 59, NUMBER 21 PRB 59 0163-1829/99/59͑21͒/13494͑4͒/$15.00
13 494 ©1999 The American Physical Society that facing the substrate ͑inner part͒ are shown for two different samples, having different initial dopant levels. By fitting the low concentration parts of such profiles, the diffusivity of erbium in silica has been deduced. 13 If simple diffusional kinetics is assumed to govern the profile broadening in this one-dimensional geometry, a Gaussian shape would be expected. In Fig. 1 the low concentration part of the profiles resemble straight lines but deviations exist in the high concentration region. These deviations may be explained by the formation of precipitates, which are stable during the time of annealing and contain a large erbium concentration. Since both the erbium atoms located in the precipitates and those freely migrating are detected by SIMS, the concentration profiles deviate from a Gaussian shape. Clearly, the deviations are more pronounced for the sample with a high erbium concentration ͑right͒ than for that with a low erbium concentration ͑left͒, simply because more precipitates are formed at high concentrations.
In general, it was found that no precipitates were observed in regions where the erbium concentration was below 0.01 at. %, which indicates that the solubility limit of erbium in silica is of this order of magnitude for the temperatures employed here.
A cross-sectional TEM ͑X-TEM͒ micrograph of a sample annealed for 3 h at 1140°C is shown in Fig. 2͑a͒ . Indeed nanosized precipitates are formed in a ϳ100 nm wide layer in the middle of the silica film, e.g., around the erbiumdoped region, and in this region SIMS spectra showed a strong deviation from a Gaussian-like diffusion profile. Energy dispersive x-ray analysis spectra, obtained using a focused electron beam, confirmed that the precipitates are indeed erbium enriched. The precipitate size distribution is shown in Fig. 2͑b͒ along with a Gaussian fit. The distribution maximum falls near its mean value, and has a close to Gaussian shape. According to coarsening theory for an infinitesized ensemble the distribution should be skewed towards smaller precipitate sizes.
14 However, the microscope contrast may not be sufficient to observe the smallest precipitates. The mean precipitate diameter d was found to be 10 nm.
In general, the time evolution of the precipitate system may be separated into two overlapping physical stages: The nucleation stage and the precipitate coarsening stage. In the latter, the supersaturation decreases and causes an increase of the critical precipitate size below which precipitates are energetically unfavorable. The effect of increased annealing time on the precipitate ensemble may be found by comparing Figs. 2 and 3 , where the latter shows the sample after 24 h of annealing. Here, precipitates are bigger (dϭ18 nm) and the number density smaller, and hence follow an Ostwald ripening-like growth behavior. 14, 15 The driving force of Ostwald ripening is the significant contribution of the surface tension to the free energy, which is decreased by dissolving small precipitates and forming larger ones. In this model, dϰDt 1/3 ͑Ref. 14͒ in the coarsening stage of the time evolution. Here, D is the diffusion coefficient. Hence, we should expect a factor of 2.0 difference ͑rather than 1.8͒ between the mean diameters after 3 and 24 h of heat treatment. However, quantification of the growth mechanism is complicated by the finite layer width of the Er-doped region, which implies a diffusion of erbium out of the precipitate region. This outward flux of atoms leads to a decreased growth speed and eventually to the dissolution of precipitates when the erbium concentration is everywhere below the solubility limit.
As a consequence of diffusion, the time evolution of finite precipitate ensembles may be augmented by a dissolution stage. Such dissolution of the precipitate system has been clearly observed in the present study. X-TEM analysis of the low-concentration sample ͑0.1 at. %͒ showed a distinct layer of precipitates (dϭ7 nm) after 3 h annealing at 1140°C. However, no precipitates were visible after 3 h annealing at 1185°C. This may be explained by the higher mobility at 1185°C causing the diffusion to proceed much more rapidly, and thus enabling the ensemble to reach the dissolution stage during the course of annealing. On the other hand, the sample annealed at 1140°C only reached the coarsening stage in the same period of time. Since precipitates were visible after 1 h annealing at 1185°C, the observed dissolution cannot be explained by a temperature dependence of the solubility limit.
Interestingly, a finite dopant layer width may also under certain conditions manifest itself as a self organization of precipitates within the doped region. 16 In parallel with the precipitate growth, precipitates start dissolving in the outer regions of the doped layer. The atoms emitted from the dissolving precipitates diffuse into the layer and cause precipitates within a diffusional screening distance to grow relative to those deeper inside the layer. Since larger precipitates grow at the expense of smaller ones, a layering of the precipitate ensemble has been initiated.
An example of such behavior is shown in Fig. 4 , where the SIMS profile shows a clear double-peak feature indicating that precipitates have organized in two layers. Subsequent X-TEM studies confirmed a layering of the precipitate region, see Fig. 4͑b͒ . Here, the two arrows indicate the approximate position of the two precipitate layers, which may be difficult to see due to the stochastic nature of the precipitate distribution. However, the SIMS profile in Fig. 4͑a͒ , which represents an average over a 300 by 600 m area, clearly shows the two layers.
Such layering kinetics has previously been observed in systems such as SiO 2 ͑Ref. 17͒ and Co ͑Ref. 18͒ in silicon, and Cu in silica, 19 and the general mechanisms have been investigated theoretically. 16, 20 Of particular interest for the present study is the average distance L between selforganized layers estimated in Refs. 20,21 to scale with the diffusional screening length s :
Here, C p is the average number density of precipitates and R 0 represents a unique initial radius of precipitates.
Using Eq. ͑1͒ we may give a rough estimate of L for the precipitate system shown in Fig. 4 . The glass thickness of the cross section shown in Fig. 4͑a͒ was measured using the contamination-spot separation method in the TEM to be on the order of 100 nm. With this we estimate the precipitate number density in Fig. 4͑b͒ to be C p ϭ10 Ϫ6 nm Ϫ3 and by estimating ͑from Fig. 4͒ R 0 ϭ5 nm, we find s ϭ119 nm. This value of s should be compared with the interlayer distance Lϭ158 nm and Lϭ165 nm observed in Figs. 4͑a͒ and 4͑b͒, respectively. Thus a scale factor of 1.3 between s and L is found, which is a factor of 2 smaller than that found by simulations in Ref. 20 . However, since this simple estimate indicates that the observed layer separation and s are of the same order of magnitude, we conclude that the selfstructuring mechanism found here possibly is identical to that described previously in Refs. 16, 20 . Moreover, since the layer separation is significantly larger than the width of the initial dopant region it is unlikely that the layering is caused by ripening of a spatial inhomogeneity in the initial precipitate size distribution.
In conclusion, we observe Ostwald ripening of erbiumrich precipitates in thin erbium-doped silica layers by SIMS and X-TEM. The predictions of the Ostwald ripening model for the time evolution of the average precipitate size agrees well with the present observations. After long annealing times the ripening process stops and dissolution of precipitates is observed, which is explained by the synergistic effects of precipitate growth and diffusion of erbium out of the erbium-enriched region.
Furthermore, this interplay of processes results in an interesting self-structuring of the precipitate ensemble, which is observed as a layering of the erbium-doped region. The inter-layer distance is found to compare well with predictions obtained by simulations of similar evolutions in other systems. Although the importance of this self organization is presently unclear, the process may have implications for erbium-doped waveguide systems of small dimensions.
We believe that these findings may lead to a more detailed understanding of the processes governing the evolution of nano-sized precipitates, and in particular of those leading to the disastrous consequences for erbium-doped optical amplifiers.
